Abstract. Gastric cancer is a common gastrointestinal malignancy that accounts for a notable proportion of cancer-associated mortalities worldwide. Cytoplasmic fragile X mental retardation 1-interacting protein 2 (CYFIP2) is a novel p53-mediated pro-apoptotic protein whose expression is decreased in gastric cancer. However, whether decreased expression of CYFIP2 contributes to gastric carcinogenesis remains unclear. In order to mimic in vivo gastric tumor CYFIP2 expression levels, the present study used short hairpin RNA targeting CYFIP2 mRNA to silence CYFIP2 expression in MGC803 and SGC7901 gastric cancer cells. Gastric cancer cells with constitutively decreased CYFIP2 expression levels were successfully established. It was observed that CYFIP2 knockdown promoted proliferation and colony formation, and inhibited apoptosis in these cells. Furthermore, 5-fluorouracil (5-FU)-induced apoptosis was decreased following inhibition of CYFIP2 expression. In SGC7901 cells, protein expression of active caspase-3 and cleaved poly (ADP-ribose) polymerase was increased following treatment with 5-FU, while phosphorylated Akt serine/threonine kinase 1 (Akt) levels were decreased. These 5-FU-induced effects were reduced following CYFIP2 knockdown. In addition, inhibition of the Akt signaling pathway using the Akt inhibitor LY294002 restored CYFIP2-knockdown SGC7901 cell chemosensitivity to 5-FU. The results of the present study demonstrate that decreased CYFIP2 expression is associated with increased gastric tumor growth in vitro and that CYFIP2 knockdown-induced activation of the Akt pro-survival signaling pathway confers resistance to 5-FU-based chemotherapy in gastric cancer cells. Therefore, combined treatment with an Akt inhibitor and chemotherapeutic drugs may improve the efficacy of gastric cancer therapy in patients with low CYFIP2 expression.
Introduction
Gastric cancer accounts for a considerable proportion of cancer-associated morbidity and mortality worldwide (1) , and the incidence of this malignancy is higher in developing countries (2) . Gastric cancer incidence and mortality has declined in previous decades, which is due in part to a reduction in smoking and the improved treatment of Helicobacter pylori infection (1, 3) . However, the prognosis of patients with advanced stage gastric cancer remains poor (4) . The identification of novel molecules associated with gastric carcinogenesis is required to improve gastric cancer treatments.
Cytoplasmic fragile X mental retardation (FMR) 1-interacting protein 2 (CYFIP2) is a homologue of CYFIP1, a protein that is capable of interacting with all FMR proteins (5) . CYFIP2, also known as p53-inducible protein 121, is a protein with unknown functional domains and structural motifs. The majority of CYFIP2 studies focused on its functional role in fragile X syndrome, a common form of inherited intellectual disability and autism (5, 6) . However, whether CYFIP2 is associated with carcinogenesis remains to be elucidated. CYFIP2 was reported to be a candidate p53 target gene by Saller et al (7) in H1299 lung cancer cells and this was validated by Jackson et al (8) in DLD1 colorectal adenocarcinoma cells. CYFIP2 overexpression was not demonstrated to induce apoptosis in lung cancer cells (7) ; however, CYFIP2 overexpression promoted apoptotic-like death in colorectal cancer cells (8) . The former study (7) suggested that CYFIP2-induced apoptosis is part of a coordinated p53-dependent response in cancer cells, while the latter study (8) suggested that CYFIP2 itself functions as a pro-apoptotic protein. CYFIP2 mRNA expression has been demonstrated to be significantly decreased in gastric cancer tissues compared with non-cancerous tissues (9) . In the present study, the association between decreased CYFIP2 expression and gastric carcinogenesis was investigated, and the potential underlying mechanisms were examined.
In order to mimic the gastric tumor microenvironment in vivo, RNA interference (RNAi) was used to suppress endogenous CYFIP2 expression in the gastric cancer cell lines MGC-803 and SGC-7901. Antitumor drug-based cytotoxic chemotherapy is routinely administered to the majority of patients with advanced gastric cancer (10); however, the development of chemoresistance is common, which leads to treatment failure (11) . To investigate the potential association between decreased CYFIP2 expression and chemoresistance in gastric cancer cells, gastric cancer cell proliferation and apoptosis following treatment with or without 5-fluorouracil (5-FU) was determined.
Materials and methods
Cell culture. The human gastric cancer cell lines MGC803 and SGC7901 were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (HyClone; GE Healthcare, Logan, UT, USA), 100 µg/ml streptomycin and 100 U/ml penicillin. Cells were cultured at 37˚C in a humidified atmosphere containing 5% CO 2 .
Stable transfection of gastric cancer cells with CYFIP2-tagerting short hairpin (sh)RNA.
In order to inhibit CYFIP2 protein expression in the gastric cancer cells, the pRNA-H1.1 vector was purchased from GenScript (Nanjing, China) and used generate CYFIP2-targeting shRNA-expressing plasmids. A pair of oligonucleotides (sense, 5'-GAT CCC CGG  ACC TGC TTG AAG AGC TTT TCA AGA GAA AGC TCT TCA  AGC AGG TCC TTT TT-3' and antisense, 5'-AGC TAA AAA  GGA CCT GCT TGA AGA GCT TTC TCT TGA AAA GCT CTT CAA GCA GGT CCG GG-3') targeting CYFIP2 mRNA were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) and inserted into the pRNA-H1.1 expression vector. The CYFIP2-targeting shRNA targeted the sequence 5'-GGA CCT GCT TGA AGA GCT T-3'. The oligonucleotides were initially allowed to anneal to form a DNA duplex, with cohesive ends containing a BamHI and HindIII site. A total of 2 µg empty pRNA-H1.1 vector was digested using 2.5 µl BamHI and 2.5 µl HindIII (both Fermentas; Thermo Fisher Scientific, Inc.) in a 50 µl system for 30 min at 37˚C. The plasmids were subsequently incubated with the CYFIP2 shRNA and 1 µl T4 DNA ligase (Takara Biotechnology Co., Ltd., Dalian, China) at 16˚C overnight, according to the manufacturer's protocol. Plasmids containing scrambled shRNA (sense, 5'-GAT CCC CTT CTC CGA ACG TGT CAC GTT TCA AGA GAA CGT GAC ACG TTC GGA GAA TTT TT-3' and antisense, 5'-AGC TAA AAA TTC TCC GAA CGT GTC ACG TTC TCT TGA AAC GTG ACA CGT TCG GAG AAG GG-3') were used as a negative control. The constructed plasmids were transfected into gastric cancer cells using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Following transfection, cells were treated with 400 µg/ml G418 (Invitrogen; Thermo Fisher Scientific, Inc.) for between 1 and 2 weeks to select for successfully transfected cells expressing CYFIP2 shRNA or scrambled shRNA. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analyses were performed using the G418-resistant clones, as described below, to determine CYFIP2 mRNA and protein expression, respectively. The cell clone from each gastric cancer cell line with the lowest CYFIP2 expression was used for subsequent analysis.
Cell Counting and colony formation assay. The CCK-8 was purchased from Beyotime Institute of Biotechnology (Haimen, China) and was used to determine cell proliferation rates. Following trypsinization (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany), cells were seeded into 96-well plates at a density of 2x10 3 cells/well (n=5), and cultured for 24, 48, 72 and 96 h at 37˚C. A total of 10 µl CCK-8 solution in 100 µl culture medium was added into each well at each time point for 1 h and the absorbance was measured at a wavelength of 450 nm.
For the colony formation assay, 100 cells were seeded into sterile 35-mm dishes and cultured at 37˚C for 14 days. The culture medium was replaced every 3 days. Cell colonies were subsequently fixed using 4% paraformaldehyde for 20 min at room temperature (RT), incubated with Wright-Giemsa stain (Nanjung Jiancheng Bioengineering Institute, Nanjing, China) for between 5-8 min at RT, and counted using a light microscope (n=3). Colony formation was determined as the ratio of the number of colonies:number of cells seeded.
Apoptosis assay. Cell apoptosis was assessed using a flow cytometer. Certain gastric cancer cells were treated with 25 µM LY294002 (Beyotime Institute of Biotechnology). Cells (1x10 5 ) were treated with 15 µg/ml 5-FU (Sigma-Aldrich; Merck Millipore) for 24 h at 37˚C. Following treatment with 5-FU, cells were trypsinized (0.2%; Thermo Fisher Scientific, Inc.) and centrifuged at 309 x g for 5 min at 4˚C, prior to the addition of 500 µl binding buffer (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). Cells were subsequently cultured with 5 µl Annexin V-fluorescein isothiocyanate (FITC) and 5 µl propidium iodide (PI) (both Nanjing KeyGen Biotech Co., Ltd.) for 15 min in the dark at RT. Apoptotic cells were identified using flow cytometry and BD Accuri C6 software (BD Biosciences, San Jose, CA, USA).
RT-qPCR.
Total cellular RNA was prepared using a Fast RNApure Extraction kit (BioTek Instruments, Inc., Winooski, VT, USA). Extracted RNA was reverse transcribed into first-strand cDNA using Super Moloney murine leukemia virus reverse transcriptase (BioTek Instruments, Inc.) under the following temperature conditions: 25˚C for 10 min; 42˚C for 50 min; and 95˚C for 5 min to terminate the reaction. The following CYFIP2 primers were used in PCR analysis: Forward, 5'-TCC GTA TCC ACC GTC CA A T-3'; and reverse, 5'-AAT CTC CAG CAG CCA CTCC-3' . qPCR was performed using the SYBR ® Green Master mix (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). The following thermocycling conditions were used: 94˚C for 10 min; 40 cycles of 94˚C for 10 sec, 60˚C for 20 sec and 72˚C for 30 sec; 72˚C for 2.5 min; 40˚C for 5.5 min; temperature was increased from 60 to 94˚C at a rate of 1˚C/sec; and 25˚C for 1 min. The relative expression levels of CYFIP2 were calculated using the 2 -ΔΔCq method (12) , with β-actin used as the endogenous control. The β-actin primer sequences were as follows: Forward, 5'-CCA TCG TCC ACC GCA AAT-3' and reverse, 5'-GCT GTC ACC TTC ACC GTTC-3' .
Western blot analysis. Total cellular protein was prepared using radioimmunoprecipitation assay buffer and quantified using the BCA Protein Assay kit (both Beyotime Institute of Biotechnology). Total protein samples (30 µg) were separated using SDS-PAGE on a 10% gel and transferred onto polyvinylidene difluoride membranes. Membranes were blocked with 5% (w/v) non-fat milk for 1 h at RT. Membranes were subsequently incubated with primary rabbit polyclonal antibodies against CYFIP2 (1:500; cat. no. bs-7606R; Bioss, Beijing, China), active caspase-3 tumorigenesis, RNAi experiments using a CYFIP2 shRNA were performed in two gastric cancer cell lines. The knockdown efficiency of the CYFIP2 shRNA was determined by evaluating CYFIP2 mRNA and protein expression using RT-qPCR and western blotting, respectively. CYFIP2 mRNA expression was significantly decreased by 74% in MGC803 cells following CYFIP2 shRNA transfection compared with the scrambled shRNA group (P=0.0008; Fig. 1A ). CYFIP2 mRNA expression was significantly decreased by 72% in SGC7901 cells following CYFIP2 shRNA transfection compared with the scrambled shRNA group (P<0.0001; Fig. 1B ). CYFIP2 protein expression was significantly decreased by 79% in MGC803 cells following CYFIP2 shRNA transfection compared with the scrambled shRNA group (P<0.0001; Fig. 1A ). CYFIP2 protein expression was significantly decreased by 69% in SGC7901 cells following CYFIP2 shRNA transfection compared with the scrambled shRNA group (P=0.0004; Fig. 1A ). These results suggest that gastric cancer cells with decreased CYFIP2 expression levels were successfully established.
Silencing of CYFIP2 suppresses gastric cancer cell proliferation and colony formation. Cell proliferation was determined using the CCK-8 assay. Cell proliferation rates were significantly increased in MGC803 (P=0.0016; Fig. 2A ) and SGC7901 (P=0.0005; Fig. 2B ) cells from 48 h following CYFIP2 shRNA transfection compared with their respective scrambled shRNA-transfected groups. Furthermore, rates of MGC803 (P=0.038) and SGC7901 (P=0.0478) cell colony formation were significantly increased following CYFIP2 shRNA transfection compared with the scrambled shRNA-transfected groups ( Fig. 2C and D ). These results demonstrate that CYFIP2 silencing contributes to gastric cancer cell proliferation in vitro.
Knockdown of CYFIP2 inhibits gastric cancer cell apoptosis and induces resistance to 5-FU.
Cell apoptosis was evaluated using flow cytometric analysis of Annexin V-FITC/PI stained cells. In the absence of 5-FU, CYFIP2 knockdown significantly decreased the apoptotic percentage of MGC803 cells from 15.00±1.71 in the scrambled shRNA-transfected control cells to 6.13±0.58% (P=0.001; Fig. 3A and B) . Similarly, CYFIP2 knockdown significantly decreased the apoptotic percentage of SGC7901 cells from 14.26±1.53 in the scrambled shRNA-transfected control cells to 3.54±0.51% (P=0.0003; Fig. 3A and C) . Evasion of apoptosis is an essential component 
Akt serine/threonine kinase 1 (Akt) inhibition restores the 5-FU chemosensitivity of CYFIP2-knockdown SGC-7901 cells.
Aberrant activation of the Akt signaling pathway is associated with tumorigenesis and chemoresistance in various types of cancer (14) . The phosphorylation status of Akt in SGC-7901 cells was evaluated using western blotting following CYFIP2 knockdown and treatment with 5-FU. While total Akt protein expression remained unchanged in the SGC-7901 cells treated with the scrambled shRNA, phosphorylated (p)-Akt expression was decreased 12 h following treatment with 5-FU in a time-dependent manner ( Fig. 4A and B) . CYFIP2-knockdown SGC-7901 cells exhibited significantly increased p-Akt expression following treatment with 5-FU compared with the scrambled shRNA-transfected group at all time points (all P<0.05; Fig. 4A and B) . Furthermore, the expression of cleaved caspase-3 and cleaved PARP were determined in SGC-7901 cells. 5-FU-induced upregulation of cleaved caspase-3 and 
Discussion
Gastric cancer cells exhibit increased proliferation during carcinogenesis (15) . A previous study revealed that CYFIP2 expression is decreased in gastric cancer tissues (9) . However, whether this low expression of CYFIP2 is associated with gastric carcinogenesis remains to be elucidated. In the present study, CYFIP2 expression was suppressed in two gastric cancer cell lines in vitro through shRNA-mediated knockdown. It was observed that CYFIP2 knockdown promoted the proliferation and survival of malignant clones in the MGC-803 and SGC-7901 cell lines. Constitutive activation of the oncogenic protein GTPase KRas (K-Ras) occurs frequently in human cancer, including gastric cancer (16, 17) . A previous study identified that inducible and conditional activation of K-Ras resulted in the hyperproliferation of squamous epithelial cells in the forestomach of a mouse model and induced precancerous gastric lesions (18, 19) . Another study demonstrated that CYFIP2 inhibition is able to increase K-Ras expression in colon cancer cells (20) . The results of these studies and the present study indicate that CYFIP2 knockdown-induced gastric cancer cell proliferation is associated with increased K-Ras expression. Subsequently, the authors of the present study aim to investigate the in vivo association between CYFIP2 expression and K-Ras activation in gastric tumor samples in the future. Evasion of apoptosis is an essential mechanism underlying carcinogenesis (21); however, stress-induced apoptosis has also been suggested to lead to tumor formation under certain circumstances (22) . The ability to activate caspases, a group of apoptosis-inducing proteases, is a key mechanism used by potent anticancer drugs (23) . The release of intermembrane proteins from the mitochondria, including cytochrome c, is able to promote the cleavage of caspase-9 and subsequently induce activation of the essential apoptotic protein caspase-3, which leads to cell apoptosis (23) . Overexpression of CYFIP2 can lead to enhanced activation of caspase-3 and its downstream target PARP in colorectal cancer cells (8) , suggesting that CYFIP2 is stimulates caspase activation in tumor cells. The results of the present study were consistent with the results of previous studies, in demonstrating that gastric SGC7901 cancer cells expressing CYFIP2-targeting shRNA exhibited decreased levels of active caspase-3 and cleaved PARP. Patients with gastric cancer are typically treated with DNA damage-inducing drugs (10) . Chemotherapeutic regimes frequently induce cancer cell apoptosis through the activation of caspases (24) . The present study demonstrated that treatment with 5-FU induced apoptosis, and promoted caspase-3 and PARP cleavage in gastric cancer cells. However, 5-FU-induced cytotoxicity was decreased in cells with decreased CYFIP2 expression. These results suggest that 5-FU chemoresistance in gastric cancer cells is associated with decreased CYFIP2 expression.
Akt is an essential effector of multiple signaling pathways, transducing downstream survival signals (25) . Akt signaling is activated by phosphoinositide 3-kinase (26) and inhibited by the tumor suppressors p53 (27) and phosphatase and tensin homolog (28) . CYFIP2 is a novel proapoptotic factor that is regulated by p53 (8). 5-FU initiates apoptosis in gastric tumor cells by activating the p53 signaling pathway (29) and inactivating the Akt signaling pathway (30) . To the best of our knowledge, the present study was the first to demonstrate that 5-FU-induced Akt signaling inhibition was decreased by CYFIP2 knockdown in gastric cancers in vitro. The role of the Akt signaling pathway in the promotion of tumorigenesis has been studied previously; however, there is no evidence of functional crosstalk between CYFIP2 and Akt in gastric cancer. Notably, another p53-inducible protein, pleckstrin homology-like domain family A member 3, has been reported to compete with Akt for the binding of membrane lipids and therefore inhibit Akt activation (27) . Thus, the association between CYFIP2 and Akt during gastric tumorigenesis requires further investigation in the future, via the ectopic overexpression of CYFIP2. The authors of the present study have also identified that BGC-823 gastric cancer cells exhibit decreased CYFIP2 expression (Jiao et al, unpublished data) . CYFIP2 gain-of-function experiments in BGC-823 cells may assist in the elucidation of the role of CYFIP2 in gastric cancer development and progression.
In conclusion, the results of the present study demonstrate that inhibition of CYFIP2 contributes to the proliferation of gastric cancer cells in vitro. In addition, CYFIP2 knockdown-induced activation of the Akt pro-survival signaling pathway was revealed to confer resistance to 5-FU-based chemotherapy in gastric cancer cells. These results indicate that combination therapy with an Akt inhibitor and 5-FU may improve the efficacy of treatments for patients with gastric cancer who exhibit decreased CYFIP2 expression.
